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ABSTRACT

Hermetic reciprocating compressor is one of the important components in a household refrigeration system. Increase
in performance of the hermetic compressor affects the overall efficiency of the refrigeration unit. Lubrication system
in a hermetic reciprocating compressor is a crucial parameter influencing the efficiency of the compression work.
The aim of this paper is to present the numerical investigation of the lubricant oil pumping system of a hermetic
reciprocating compressor using Computational Fluid Dynamics (CFD). In present oil management system, the oil
flows initially on the internal surface of the shaft before it is directed to the external surface where it flows along a
helical channel carved on the shaft wall. In this study, change of angular speed associated with time is measured
with high speed camera and this data is used for the transient calculations. Acquired results are compared to the
experimental studies.

1. INTRODUCTION
For domestic refrigerators, the design of the compressor plays a significant role on the efficiency of the whole
system. Lubrication, on the other hand is the most crucial process in the hermetic compressors which are widely
employed in domestic refrigerators, as well as in the other types like rotary and scroll compressors. Cite cooling,
sealing, protecting against corrosion, acting as a hydraulic fluid, reducing the noise level and maintaining low
equalizing pressures during the off-cycle are among the tasks of the lubrication in a compressor (Prata and Barbosa,
2008).
For the rotary compressors, which are commonly used in air conditioning systems, the oil supply and distribution
systems have been investigated (Kim and Lancey, 2003; Kim, 2005) analytically and numerically. In a vertical
rotary compressor, the oil supply is by the means of the oil gallery inside the crankshaft immersed in the oil sump.
Kim and Lancey (2003) modeled the whole oil supply system numerically and predicted the oil distribution for
vertical rotary compressor. They have employed an electrical analogy between the pipe flow and the electrical
circuit where the pressure difference, mass flow rate and the flow resistance corresponded to the voltage, current and
resistance, respectively. The computer simulation based on this analogy has been validated by the measurements
taken on the shaft of a vertical rotary compressor in which the refrigerant is R22 and the oil is synthetic oil. Kim
(2005) has applied this analogy to the vane system used in the horizontal rotary compressors where the shaft rotation
is not effective in the oil pumping. The governing equations in the oil supply system based on the energy balance,
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simply. Also, for the horizontal rotary systems the agreement between the calculations and the experimental data has
been observed.
For the scroll compressors where R410a and POE are the refrigerant and the lubricant, respectively, the coefficient
of friction has been measured and friction characteristics have been investigated analytically and experimentally
(Sato et al., 2004). The analysis has also been carried out with mixed lubrication theory. The optimization technique
developed is applicable to a wide range of refrigerant-lubricant pair. Computational Fluid Dynamics (CFD)
simulations of the oil supply systems for the scroll compressors are also present in literature (Durst and Quesada,
1992; Bernardi 2000).
Based on the analytical and numerical studies for the rotary and scroll compressors, it may be concluded that the
correlation between the design constraints, operating conditions and the amount and/or rate of the oil supply are the
main tools to improve the effectiveness.
On the other hand, for the reciprocating compressors another parameter should be taken into consideration. In these
types of compressors, to achieve all the aims of the lubrication, the oil should be delivered to the radial and thrust
bearings and to the piston-cylinder gap, instantaneously, immediately after the start up of the electrical motor. A
well designed oil pump should supply such a short time taken for the first oil particle to leave the sump and reach
the bearings, which is the so-called “climbing time” (Lückman et al, 2009). Attaching separate oil pumps is a
method for large open type compressors, to realize the delivery of the oil into various sliding surfaces within a short
climbing time. However, this method cannot be applicable for the small hermetic compressors used in the domestic
refrigerators. For the sake of compactness and cost effectiveness, usually, helical grooves are being carved on the
shaft to feed the oil to the shaft bearings in the small hermetic compressors. Hence, by the means of the rotating
motion, the crank shaft itself is utilized as a power source for oil pumping, but in this case, it is not easy to control
the amount of oil supply. Since, shortage or overflow of the oil supply may take place for the variable compressor
speeds; this difficulty should be carefully investigated.
Previous to the investigations of the “climbing time”, several researchers studied on the analytic calculations of the
reciprocating compressor. Kim et al. (2002) introduced a computer simulation model to predict the oil circulation
rates at various compressor speeds. The core of the method is similar to the one developed for the rotary compressor
(Kim and Lancey, 2003). The electrical analogy has been used for the shaft pump, the grooves carved on the journal
bearings, the journal bearings themselves, the thrust bearings and the whole oil supply systems. An experimental rig
was set up to measure the oil flow rate and the motor speed to validate the model. Observing a good agreement
between the experimental and analytical results, Kim et al., concluded that the parameters affecting the oil flow rate
could be determined by the means of the developed model. Finally, they have reached to the correlation between the
oil flow rate and groove geometry, both the groove area and angle. In another investigation reported in literature
(Kim and Ahn, 2007), the method has been applied also to the oil feeding hole which behaves as a radial pump and
the parameters have been extended to include the depth of the oil cap immersed in the oil sump, and the groove
depth and width.
On the other hand, since the effort to shorten the climbing time needs a detailed Computational Fluid Dynamics
(CFD) research, the initiation of this kind of studies started recently. Lückman et al. (2008, 2009) developed a CFD
model based on two phase flow of the refrigerant-oil pair. They have used the commercial software Fluent as a tool.
To resolve the free surface of the oil, Volume of Fraction technique has been applied to the hydrodynamic analysis
of the oil pumping system. In their simulation Lückman et al. (2008), used a great number of grids, refined in the
vicinity of the walls and the interfaces. However, their calculated value for the volume flow rate at steady-state is
significantly lower than the experimental datum obtained from the compressor manufacturer. They have explained
this discrepancy as being due to not considering the radial clearance region. Then a supplementary model, which
considers only the region of clearance-helix channel has been conducted to approach the experimental values. They
have concluded that the model should be realistic in representing the physical domain because even a simple
simplification to reduce the grid number results in great number on the flow rate predictions. They have simulated
the first two seconds of the oil climb for a reciprocating compressor, assuming the rotation speed as constant at 3600
rpm (Lückman et al. 2008, 2009). They have predicted the climbing time as 0.6 s in their simulations where R134a
and POE ISO 10 are used as the refrigerant and oil, respectively. The model was validated by the comparison of the
mass flow rate of the oil. However, under real conditions the angular velocity starts from a certain value reaching to
a constant value.
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In the present study, the path followed by the oil and the rotation of the crank shaft have been visualized by the
means of a high speed camera. Thus the climbing time and the time variation in the speed of the crankshaft are
possible to be calculated. The variation of the crank shaft speed with respect to time has been used as an input of the
simulation while the predicted climbing time is a tool to validate the model. Unlike to the CFD studies for
reciprocating hermetic compressors (Lückman et al., 2008, 2009), the acceleration of the motor during the start up is
not assumed as infinite. The change of the crank shaft speed at the start up has been correlated and used as the initial
condition, by writing a step function as the initial condition for the Fluent software. For the sake of applicability and
simplicity, no refrigerant is used in experiments and the computations. By all these modifications and
simplifications, the two phase flow of the air-oil pair by VOF method has been studied under laminar conditions.

2. NUMERICAL MODELING
Figure 1 illustrates the computational domain of the lubrication system consisting of an oil sump and a crank shaft
with the helical channel and the eccentric shaft. The oil sump is stationary while the crankshaft is being rotated with
a rotational speed accelerated from the start up value to 3000 rpm, hereafter will be called as accelerated start up.

Figure 1: Computational domain for the lubrication system
As the crankshaft has been rotated, the oil kept by the sump is expected to “climb” within the crank shaft,
immediately. Experimentally, it is possible to observe the penetration of the oil through the crankshaft. To predict
the time interval for this penetration computationally, the flow of two fluid oil-gas pair should be modeled. In the
present study, the commercial software Fluent 6.3.26 is used for this modeling. To investigate the interaction
between the two fluids, the method called VOF (Volume of Fluid) in which a transport equation for the phase
volume fraction, describing the movement of the two-phase interface is solved, in addition to the equations of the
motion. Hence, the field of the phase volume fraction is updated at the end of each time step (Fluent 6.3.26, User’
Guide, 2006). The set of equations solved in VOF technique are as the followings:
Continuity:
(1)
Momentum:

(2)
The motion equation for the interface:

(3)
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In the above equations, Ȥ is the phase volume fraction. In Eqn. (2), the last term on RHS is related to the surface
tension between two interfaces and can be given as an input to the computational code. However, it has been
neglected in the present study.
The top most face of the oil sump and the outlet of the crankshaft have been assumed as being exposed to the
atmospheric pressure, using the “pressure outlet” boundary condition. “No slip” boundary condition is valid at all of
the walls. The rotation boundary condition has been applied to the fluid flowing through the crankshaft and reaching
to the outlet via the helical channel and the eccentric shaft, PISO (Pressure-Implicit with Splitting of Operators)
algorithm (Patankar, 1980) was used for the pressure-velocity coupling for it handles very well the small time steps
which had to be employed in the present simulation. The computational grid is made up of 240000 tetrahedral cells,
finer in the vicinity of the walls. Mesh is produced in commercial software Gambit 2.3.16. The time step is 0.005 s.
The assumptions and the numerical conditions are given below:
• The refrigerant vapor has been substituted by air.
• The flow has been assumed laminar and isothermal.
• The physical properties are constant for oil and air.
• The radial clearance between the crank shaft and bearings has been neglected.
• There is no relative motion between the walls of the helical channel.
The computations have been applied for the following conditions:
• Each of the constant rotational speeds (rpm): 3000, 3500, 4000 and 4500 for oil viscosity values 10 cSt.
• Each of the oil viscosity values: 5, 10, 16 and 20 cSt for 3000 rpm with accelerated start up.
• For 3000 rpm with accelerated start up at 5 cSt rotational speed obtained from the experimental data,
starting from a certain value reaching to 3000 rpm at the 5 cSt oil viscosity.
For all computations oil level in the oil sump is taken as 20 mm.
Analyses were carried out in a high performance computer consisting of Intel Xeon 5500 [Quad Core]. 21h CPU
time was used for one of the accelerated start up analysis with 8 parallel processors.

3. EXPERIMENT
Tests were conducted with Phantom v5.1 high speed camera at 3000pps. To visualize the rotation of the crank shaft,
upper part of the compressor casing was produced from transparent material (Figure 2). To avoid oil leakage during
measurements o-ring is used between the upper and lower parts of the casing. A special painting process was applied to
increase transparency of upper part of the casing. During normal operating conditions oil particles leaving crank shaft
spread out in the casing. Therefore some amount of oil accumulates on the body of compressor. Before measurements
compressor was started and left to work for a couple of minutes so as to simulate normal operating conditions.
Measurements are carried out at 65°C constant oil temperature. To achieve constant oil temperature oil was heated by
heater locating on the bottom surface of the casing. Oil temperature is controlled by T-type thermocouples immersed
into different locations of the oil sump. Agilent 34970A acquisition system is used for temperature measurements.
Accuracy of temperature measurement is ±0,25°C. Image J software is used for analyses of captured images.

Figure 2: Appearance of the upper part of the compressor for visualization
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Measurements are repeated with one operator 15times. The acquired oil climbing time values were evaluated with
the statistical analysis software Minitab. Oil climbing time to the upper most of the crank shaft was found as 3818
ms with %95 confidential interval. Probability distribution of the oil climbing time is shown in Figure 3.
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Figure 3: Probability distribution of the oil climbing time

4. RESULTS
Figure 4 shows oil climbing through the crankshaft and helical channel. Because of the centrifugal force and
eccentricity oil flow follows inclined inner surface of the crack shaft. In the air ventilation hole oil flow is not
observed. Therefore the position of air ventilation hole was validated for 3000 rpm rotational speed. It has been
observed that at 3000 rpm oil climbed only a few millimeters on the inside of the casing.

Figure 4: Computational results for the oil climbing
Figure 5 illustrates the change of the mass flow rate computed at the outlet of the crank shaft, with respect to time, at
four different rotational speed values. Unlike to the real conditions, the simulations for this comparison have been
initiated with constant rpm values, not with the accelerated start-up. Although the rotational speeds are too high to
influence the climbing time, the duration of the transient regime shortens slightly, with the decreasing rpm values.
However, after 2s, the steady state conditions are valid for all cases. The value of the mass flow rate on the other
hand, increases with the rotational speeds. The change of the maximum mass flow rates at which the steady state
regime has been reached to, is scheduled in Figure 6. As it is expected, there is a linear change between the
maximum value of the mass flow rate and the rotational speed.
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Figure 5: Change of the mass flow rate at the crank shaft exit with respect to time for various rpms
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Figure 6: Change of the maximum mass flow rate at the crank shaft exit with respect to rotational speed
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On the other hand, mass flow rate is inversely affected by the value of the viscosity (Figure 7). Since the
computations to investigate the mass flow rate-viscosity relationship have been initialized with the accelerated start
up, the curves illustrated in Figure 7 are discontinuous. During the transient regime, the crank shaft rotation has been
modeled by applying the function obtained from the experimental data. At the instants where the function changes
the curves are intermitted, computationally. As the computed regime reaches to the steady state when the rotational
speed is 3000 rpm, this discontinuity vanishes.
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Figure 7: Change of the mass flow rate at the crank shaft exit, with respect to the viscosity of the oil, for the
accelerated start up for 3000 rpm
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The maximum values for the mass flow rate at the outlet of the crank shaft changing with the oil viscosity are shown
in Figure 8. It is seen that the steep changes at lower viscosity values, between 5 cSt and 10 cSt for example,
smoothes as the viscosity increases. In other words, as the magnitude of the viscous effects increases, the mass flow
rate becomes less sensitive to these effects under the same inertial conditions (Note that the rotational speed with the
accelerated start up is constant at 3000 rpm). It should also be kept in mind that the leakages have been neglected in
the computational work. Thus, it is not possible to compare the viscous effects observed in the experiments with the
computational results.
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Figure 8: Change of the maximum mass flow rate with respect to oil viscosity for the same rotational speed (3000
rpm)
To understand the effect of the accelerated start-up applied in the model, the computed climbing time values have
been compared with those of the experimental ones at 3000 rpm and 5 ct, oil viscosity. The computations with
constant rotational speed and the ones with accelerated start up differ from each other. The results with the
accelerated start up are more close to the experimental measurement. Comparison of computational and
experimental results is shown in Table 1.
Table 1: Comparison of computational and experimental results for oil climbing time
Oil Climbing Time (s)
0,6

Error Ratio
% 84

Accelerated start up (3000 rpm)

3,3

% 13

Experimental (3000 rpm)

3,8

Constant rotational speed (3000 rpm)

5. RECOMMENDATIONS AND CONCLUSIONS
In the present study, the path followed by the oil and the rotation of the crank shaft in a reciprocating compressor
have been visualized by the means of a high speed camera and the change of the crank shaft speed at the start up has
been correlated. This correlation is used as the initial condition, by writing a step function in the Fluent software.
Then, the two fluid two phase flow has been modeled by using VOF technique. The effects of the rotational speed
and the oil viscosity have been investigated. The following aspects have been concluded:
• For the computational modeling, the accelerated start up for the rotational speed should be applied.
• The rotational speeds at high values do not have a significant effect on the climbing time, but the maximum
mass flow rates increase with the increasing rpm values.
• The change in the oil viscosity especially for small viscosity values effect the mass flow rates. The inertial
and the viscous effects should be compared.
However, some improvements are possible for the future work. These may be as the followings:
• Surface tension between the oil and the gas (air in the present study) should be applied.
• Leakages should be considered in the computational work.
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•
•
•

Shear stresses at the rotating walls should be considered.
For two phase flow modeling, in addition to VOF, other techniques should be considered.
User Defined Functions in Fluent can be used as tools to imply the accelerated start up, shear stress
function, and the surface tension change.

NOMENCLATURE
Subscripts
D
n
t
u

velocity gradient
normal vector
time
velocity

(1/s)
(-)
(s)
(m/s)

ț
ȝ
p
ı

phase volume fraction
dynamic viscosity
density
surface tension

(-)
(Ns/m2)
(kg/m3)
(N/m)
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